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Maturation of an Antibody Response Is Governed by
Modulations in Flexibility of the Antigen-Combining Site
of antigens (Joyce, 1997; Hodgkin, 1998; Mason, 1998).
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The expectation of degeneracy, at the level of individ-
ual BCRs, that is intrinsic to the compulsions of immuneAlthough affinity maturation constitutes an integral
part of T-dependent humoral responses, its structural recognition, however, contradicts the qualitative traits
of an effector response that is characterized by the twinbasis is less well understood. We compared the physi-
cochemical properties of antigen binding of several properties of high affinity and fidelity for inducing anti-
gen. While improvements in both affinity and specificityindependent antibody panels derived from both germ-
line and secondary responses. We found that antibody are achieved by the combined processes of somatic
mutation and selection within germinal centers (GCs)maturation essentially reflects modulations in en-
tropy-control of the association, but not dissociation, (Parhami-Seren et al., 1990; Casson and Manser, 1995;
Kelsoe, 1995; Pewzner-Jung et al., 1996; Shannon andstep of the binding. This influence stems from varia-
tions in conformational heterogeneity of the antigen- Weigert, 1998), the physicochemical basis for this trans-
formation is less well understood.combining site, which in turn regulates both the affinity
and specificity for antigen. Thus, the simple device To address these issues, we compared binding char-
acteristics of antibodies derived from early primaryof manipulating conformational flexibility of paratope
provides a mechanism wherein the transition from a and secondary responses. Our results reveal that the
maturation of an antibody response essentially reflectsdegenerate recognition capability to a high-fidelity ef-
fector response is readily achieved, with the minimum a process wherein a pliable germline antigen-combin-
ing site acquires epitope-templated structural rigidity.of somatic mutations.
Whereas the conformational flexibility of the germline
paratope facilitates its binding to a variety of antigens,Introduction
it is the relative rigidity of the corresponding antigen-
combining sites in the mature response that accountsThe antigen recognition potential of adaptive immunity
is generally thought to reside in the large repertoire of for the high affinity and fidelity for inducing antigen.
Thus, by simply manipulating conformational flexibilityclonally expressed T and B cell antigen receptors. How-
ever, the fact that the number of potential antigens far of the antigen-combining site, the transition from one
extreme of a degenerate recognition capability, to theexceeds that of the lymphocytes in an individual has
long constituted an intriguing puzzle. This is particularly other of a highly specific effector response is readily
achieved.relevant for the B cell antigen receptor (BCR), which,
unlike the T cell receptor (TCR), is not restricted to recog-
nition of peptidic antigens alone. Rather, virtually any Results and Discussion
chemical entity, ranging from the simplest of molecules
to the most complex of macromolecular structures, can Temperature Dependence of Antigen Affinities of
serve as antigenic determinants for B cells. If one adds Antibodies from Primary and Secondary Responses
to this the fact that even relatively simple molecules We examined processes regulating induction and pro-
can provide a multiplicity of recognition sites, the latent gression of T-dependent humoral responses using a
paradox of a finite receptor repertoire coping with a model synthetic peptide antigen, PS1CT3 (sequence:
potentially infinite epitope repertoire becomes self- HQLDPAFGANSTNPDGGDIEKKIAKMEKASSVFNVVNS)
evident. (reviewed in Rao, 1999). This peptide constitutes a hy-
To explain this inherent discrepancy, it has been pos- brid sequence of a well-characterized B cell epitope
tulated that the repertoire may be further enhanced if a (residues 1 to 15, segment PS1), and a promiscuous T
given antigen receptor could cross-react with a variety cell epitope (residues 18 to 38, segment CT3) separated
by a spacer of two glycine residues (Agarwal et al., 1996).
In the course of these studies, we generated panels of‡ To whom correspondence should be addressed (email:_HYPERLINK
mailto:kanuryr@hotmail.com) kanury@icgeb.res.in). mAbs derived from both the early primary (day four after
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immunization) and secondary responses (Agarwal et al.,
1996; Nayak et al., 1998). In both sets, all of the mAbs
were shown to be exclusively directed against the PS1
segment of peptide PS1CT3 (Agarwal et al., 1996; Nayak
et al., 1998; Nakra et al., 2000).
The above mAb panels provided a useful system to
compare antigen recognition properties between pri-
mary and secondary responses. However, because the
primary response mAbs were all of the IgM class (Nakra
et al., 2000), it was first necessary to reduce each of
them into the monomeric form constituted by a single
Ig unit. The reasons for this were 2-fold. First, it is the
monomeric IgM that would be equivalent, in terms of
valency for antigen, to the IgG antibodies from the sec-
ondary response, thereby allowing for a direct compari-
son. In addition to this, the monomeric form of IgM mAbs
is also expected to be reminiscent of the surface IgM
receptor on pre-immune B cells. As a result, an analysis
of binding properties of monomeric IgM may also shed
light on properties of antigen recognition by pre-immune
B cells.
We first determined the affinity, for peptide PS1CT3, Figure 1. Temperature Dependence of kass and kdiss Values of a Rep-
of each of the primary and secondary mAbs (see Experi- resentative Primary and Secondary mAb
mental Procedures), at both 258C and 358C, by using Both the protocol followed and the determination of kass and kdiss
the technique of surface plasmon resonance. Table 1 values for each of the mAbs in Table 1 are given in Experimental
Procedures (A) and (C) show the effect of increasing temperaturelists the values obtained for the various mAbs at the
(as indicated) on kass (A) and kdiss (C) for peptide PS1CT3 binding oftwo temperatures. An important distinction, in terms of
select primary monomeric IgM mAbs; 42M (open circles), 603temperature-sensitivity of Kd values, is clearly evident (closed circles), 601 (open triangles), 8aM (closed triangles), and
between the primary and secondary mAbs. An increase 613 (crosses). (B) and (D) depict the corresponding effects on kass
in temperature from 258C to 358C led to a marked de- (B) and kdiss (D) of representative secondary mAbs; 281 (open circles),
crease in affinity of monomeric IgM mAbs, as evidenced 284 (closed circles), 287 (open triangles), 2810 (closed triangles),
and 2811 (crosses). Data shown are from one of three separateby a 3- to as much as a 100-fold increase in Kd values
experiments.(Table 1). In comparison with this, the IgG mAbs from
a secondary response were relatively stable to tempera-
ture effects with variations in Kd values generally being
The Contradictory Effects of Temperature on Antigenwithin 2-fold (Table 1). Thus, in addition to quantitative
Association Rates between Primary and Secondarydifferences in antigen binding, qualitative distinctions
Responses Reflects the Extent of Entropy Controlalso exist between primary and secondary responses.
A successful binding interaction is defined by a net
negative change in the Gibbs free energy of binding atTemperature Differentially Affects Antigen Association
equilibrium (DGeq) (Lee, 1992; Janin, 1996). This, in turn,Rates of Primary and Secondary mAbs
depends upon individual free energy changes that ac-The affinity of a binding reaction is the resulting outcome
company the association (DGass) and the dissociationof two related kinetic processes, namely, the rates of
(DGdiss) steps. The relationship between these three pa-association (kass) and dissociation (kdiss), respectively. rameters is defined by the equation:Consequently, to analyze the nature of distinctions ob-
served in Table 1, we next determined the effects of DGeq 5 DGass 2 DGdiss (1)
increasing temperature on the association and dissocia-
The energetics of either the association or the dissocia-tion rates of mAb binding to peptide PS1CT3.
tion reaction results from net changes in two parame-A representative set of data comparing select primary
ters, namely, the enthalpy (DH) and the entropy (DS).(monomeric IgM) and secondary antibodies is shown in
While the enthalpy term generally describes heatFigure 1. It is obvious that the qualitative distinctions
changes that take place due to interactions at the bind-between the two mAb sets is restricted to the associa-
ing interface, entropy changes largely represent nettion step of the reaction (Figure 1). Thus, in the case of
conformational/ stereochemical/ structural perturba-primary mAbs, a marked decrease in kass values became
tions that occur either within the interacting entities, orevident as the temperature was increased (Figure 1A).
in the surrounding solvent molecules (Lee, 1992; Janin,This was in contrast to the situation with secondary
1996). Thus, the free energy changes that accompanymAbs, in which the association rate generally benefited
either an association or dissociation step are definedfrom an increase in temperature (Figure 1B). The dissoci-
by the following equation:ation step of the reaction, however, did not qualitatively
differ for the two mAb groups in which, as expected, DGass/diss 5 DHass/diss 2 TDSass/diss (2)
the rates were temperature-sensitive (Figure 1, panels
C and D). Similar results were obtained for all the mAbs We decided to further examine temperature-sensitivity
of antigen association and dissociation rates of thelisted in Table 1.
The Structural Basis of Antibody Maturation
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Table 1. Temperature Dependence of Affinity of Primary
and Secondary Anti-PS1CT3 Responses
Kd (mM) at
Response mAb 258C 358C
Primary 7bM 0.4 4.5
19M 21.2 68.2
49M 4.3 20.2
6aM 23.8 220.0
16bM 29.4 267.0
42M 8.3 49.8
8aM 7.3 98.6
603 9.8 90.2
604 0.5 6.2
605 9.1 42.4
606 15.4 462.0
609 30.3 3700.0
613 27.7 160.0
601 11.5 102.0
Secondary 283 0.4 0.7 Figure 2. Arrhenius Plots for the Variation of kass and kdiss with Tem-
282 0.2 0.3 perature
289 0.1 0.1
Natural log values of association (panels A and C) or dissociation287 0.1 0.1
(panels B and D) rate constants of either monomeric primary IgM286 0.5 0.8
mAbs (panels A and C) or secondary mAbs (panels B and D) in281 0.3 0.2
Table 1 are plotted against the reciprocal of temperature (in degrees284 0.2 0.2
Kelvin). All rate constant values are the mean of three independent288 0.6 0.6
determinations where the variation was within 20% of the mean.285 0.3 0.2
Slopes yield the activation energies (Ea) for the individual step. The2810 0.1 0.2
primary mAbs for which data are shown are 604 (open circles), 6032811 0.7 0.4
(closed circles), 49M (open triangles), and 16bM (crosses). Second-
ary mAbs for which data are shown are 281 (open circles), 287Equilibrium dissociation constants (Kd) were determined as de-
(closed circles), 2810 (open triangles), and 2811 (crosses).scribed in Experimental Procedures. Values are the mean of two
independent measurements on separate cuvettes immobilized with
peptide PS1CT3.
compare panels A and B versus C and D). Of particular
note is the opposing contribution from the enthalpic
term to the association step in primary and secondary
mAbs listed in Table 1. Figure 2 gives the Arrhenius plots responses. For primary monomeric IgM, DHass values
for temperature-dependence of kass (panels A and C) were highly favorable and, indeed, constituted the driv-
and kdiss (panels B and D) for representative mAbs from ing force for association with antigen (Figure 3A). Al-
the primary (panels A and B) and secondary (panels C though the enthalpy component greatly favored associ-
and D) response. As expected from Figure 1, the oppos- ation between antigen and monomeric IgM, its effect,
ing temperature sensitivities of primary and secondary however, was severely curtailed by the overwhelmingly
antibodies is again reflected in the fact that the corre- unfavorable entropy changes (characterized by highly
sponding plots for association yielded slopes with oppo- negative TDS values) that concomitantly accompanied
site signs (Figure 2, panels A and C). The values of these the association step (Figure 3B). The profound impact
slopes, for both association and dissociation, gave the that this unfavorable entropy change exercises on the
activation energy (Ea) for the corresponding steps, for overall affinity of monomer IgM binding is readily evident
each of the mAbs listed in Table 1. This permitted calcu- in Figure 3E and F. The net negative values of DHeq
lation of the individual thermodynamic parameters for (obtained as DHass 2 DHdiss) reaffirms that antigen binding
both association and dissociation using the equations to monomeric IgM is enthalpically-driven. However, this
(3) and (4) given below. effect was virtually neutralized by the highly unfavorable
(i.e., negative) TDSeq term (also obtained as TDSass 2
DHass/diss 5 Ea 2 RT (3) TDSdiss). It is entirely due to this latter effect that the
negativity of DGeq (obtained as DHeq 2 TDSeq) is severelyln (kass/diss/T) 5 2 DHass/diss/RT 1 DSass/diss/R 1 ln (k9/h) (4)
attenuated, accounting for the poor affinity of mono-
meric IgM mAbs for antigen at 358C. It may be recalledHere, T represents the temperature in degrees Kelvin, R
the Rydberg gas constant, k9 the Boltzmann’s constant, here, that the Gibbs free energy change that occurs
during binding defines the affinity of this interaction byand h Planck’s constant. Using these equations, the
corresponding values for DH, TDS, and DG for the asso- the relationship; DGeq 5 2 RTlnKa (Janin, 1996).
In contrast to the beneficial effect on primary mAbs,ciation, dissociation, as well the corresponding net val-
ues at equilibrium (using equation 1) were calculated, enthalpic changes were found to be deleterious for anti-
gen binding to antibodies from a secondary responseand the results are summarized in Figure 3.
These results confirm our earlier inference that quali- (Figure 3A). Importantly, association of antigen with sec-
ondary mAbs proved to be minimally entropy-regulated.tative distinctions in antigen-antibody binding between
primary and secondary responses are localized to the This is evident from the TDS values in Figure 3A, which
ranged from only marginally unfavorable to even favor-association, but not the dissociation, step (Figure 3,
Immunity
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Figure 4. A Reaction Profile Illustrating Free Energy Changes as
mAbs 16bM and 287 Bind to Peptide PS1CT3
Details are provided in the text. It may be noted that the increased
DGass for mAb 16bM, relative to that for mAb 287, is the sole contribu-
tory factor towards the decreased negative value of DGeq for this
mAb. Values given are for 358C.
ues for DGass and DGdiss were obtained from the data
in Figure 3, and incorporated into a potential energy
diagram as shown in Figure 4. Although the DGdissparam-
eter was similar for both antibodies, the decreased neg-
ative DGeq value, and, therefore, the lower affinity, for
mAb 16bM stems solely from the enhanced DGass term,
relative to that for the secondary mAb, 287 (Figure 4).
Further, as shown in Figure 3A, the increased magnitude
of DGass in primary mAbs is entirely a result of the unfa-
vorable entropy changes that attend the association
step of the binding reaction.
Thus the results depicted in Figure 3 permit us to
draw two important inferences. First, in both primary
and secondary humoral responses, the affinity of anti-
bodies for antigen is largely controlled by net entropic
changes during the binding reaction. Second, while anti-
Figure 3. Contributions from Enthalpy and Entropy toward Antigen
gen-antibody binding in secondary responses are drivenBinding to Primary and Secondary Anti-PS1CT3 mAbs
by favorable entropy changes, those in primary re-Values (6 S.D.) for DH and TDS for the association (panels A and
sponses, however, suffer markedly from an entropicB) and the dissociation (panels C and D) steps for all mAbs in Table
constraint.1 were calculated from the Arrhenius plots as described in the text.
The corresponding values at equilibrium (panels E and F) were then In principle, unfavorable changes in entropy could
obtained as: DHeq 5 DHass 2 DHdiss; and TDSeq 5 TDSass 2 TDSdiss. arise either from conformational alterations in the inter-
The open bar depicts results for the primary monomeric IgM mAbs, acting entities during binding, or from changes in the
whereas the closed bars represent results with the secondary mAbs.
solvent (Lee, 1992; Janin, 1996). However, since bindingData for all individual mAbs listed in Table 1 are shown, and the
reactions generally involve disruption of solvation at theorder of presentation, from left to right, is the same as the order of
interface (i.e., increased disorder of solvent) (Janin,mAbs listed from top to bottom in Table 1. All values were calculated
for 358C. 1996), solvent effects are an unlikely explanation. The
observed entropic changes in Figure 3, therefore, likely
reflect changes within the interacting molecules. We
have previously shown that peptide PS1CT3 exists in aable (i.e., positive value) for all secondary mAbs tested.
Consequently while DHeq values (i.e., DHass 2 DHdiss) be- random distribution of conformations in solution (Agar-
wal et al., 1996; Nayak et al., 1998). This would suggestcome near neutral (Figure 3E), the TDSeq term (i.e.,
TDSass 2 TDSdiss) now becomes the principal contributory that the energetics of transition of this molecule from
one conformation to another is likely to be low, at leastfactor to the overall free energy of binding (Figure 3F).
Thus as seen from Figure 3E and 3F, the increased in comparison with that for an antibody. Further, since
both the extent and sign of TDS was antibody-depen-negativity of DGeq for antigen binding to secondary mAbs
results exclusively from the entropy factor; accounting dent, it seems possible that the unfavorable TDSeq term
for primary mAbs stems, at least primarily, from a sub-for the increased affinity of secondary responses as
seen in Table 1. stantial decrease in conformational flexibility of the anti-
body paratope during antigen binding. As seen in FigureThe above inferences become readily obvious from a
quantitative comparison between mAbs 16bM and 287, 3, it is the accompanying entropic penalty that princi-
pally accounts for the low affinity for antigen, of primaryas a representative example of the primary and the sec-
ondary response respectively. The corresponding val- antibody responses. It is possible that such an inference
The Structural Basis of Antibody Maturation
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may also apply to antigen recognition by pre-immune Table 2. Temperature Sensitivity of Affinity of Germline and
Mutated Antibodies for AntigenB cells.
In contrast to primary antibody responses, antigen Kd (mM) atNo. ofbinding in a secondary response does not appear to be
Antigen mAb Mutations 258C 358Champered by any entropic constraint. Rather, it is the
PS1CT3 7cM Nil 0.40 4.20positive contribution from the TDS term that defines the
Cys18 3 0.55 0.63higher affinities of these antibodies (Fig.3). This clearly
Ars 36-65 Nil 8.10 330.00implies that antibodies at this stage of the response are
R16.7 5 0.12 0.20antigen-educated in the sense that the paratope was
36-71 7 0.06 0.12
restricted to only those conformations that possessed NP BBE6.12H3 Nil 23.00 600.00
improved antigen complementarity. Such an inference Bg110-2 5 0.82 0.75
Bg359-4 7 0.07 0.09is also consistent with prior observations in the literature
Bg53-5 11 0.05 0.08(Arevalo et al., 1994; Torigoe et al., 1995; Wong et al.,
1995; Tsumoto et al., 1996; Stites, 1997). All values are the mean of two independent measurements per-
formed as described in Experimental Procedures.
Antibody Maturation Derives from Modulations in
Entropy Control of Antigen-Antibody Interactions
gion gene sequences have been previously described
It was conceivable that the altered physicochemical
(Vora et al., 1997).
characteristics of antigen binding in secondary re-
Temperature-dependent variation in antigen-affinity,
sponses, vis-a-vis primary responses, actually reflect
of each constituent of the above panels, was examined
the consequences of somatic mutations and concomi-
and the results are presented in Table 2. In similarity
tant affinity maturation. To verify this, we studied addi-
with anti-PS1CT3 mAbs, binding affinities of all germline
tional antibody panels that consisted of the germline mAbs proved to be highly sensitive with a marked reduc-
antibody and its mutated derivatives. Such mAb panels tion of between 10- to 40-fold as the temperature was
generated against three separate antigens were se- raised from 258C to 358C (Table 2). As opposed to this
lected. the mutated counterparts proved to be more resistant,
One of the sets was a pair of mAbs, 7cM and Cys18, with variations of within 2-fold between the two tempera-
that had previously been generated against a tetrapep- tures (Table 2). A subsequent analysis by way of Arrhen-
tide epitope (residues 4 to 7; sequence, DPAF) within ius plots revealed that, again in similarity with anti-
peptide PS1CT3. These mAbs have been described ear- PS1CT3 responses, the qualitative distinctions between
lier (Nayak et al., 1998; Nakra et al., 2000). Whereas 7cM germline and mutated antibodies were localized to the
is an IgM mAb obtained from day four of a primary association step of the binding interaction (data not
response, mAb Cys18 is of the IgG class and represents shown). While the rate of dissociation increased with
a product from the secondary response. As already de- temperature for all the antibodies in Table 2, it was
scribed, the IgH variable region consists of a VH gene the association rates that were differentially affected.
from the J558 family, in conjunction with the SP2.3 allele Independent of antigen-specificity, all germline antibod-
of DH, and followed by the JH3 gene segment (Nayak et ies displayed decreased antigen-association rates with
al., 1998). The IgH variable region of Cys18 was derived increasing temperature. On the other hand, kass values
from that of 7cM as a result of three replacement muta- for the mutated antibodies were found to increase with
tions of Thr to Ile, Ala to Arg, and Ala to Gly at codons increasing temperature.
33, 56, and 65. The above data permitted calculation of the values
The second panel taken for our studies constitutes a for DH, TDS and DG for the individual association and
well-defined set of mAbs against the hapten, p-Azophe- dissociation steps, as well as those for equilibrium bind-
nylarsonate (Ars) (Wong et al., 1995). Three anti-Ars ing and the results are graphically depicted in Figure 5.
mAbs were examined, namely, mAbs 36–65, R16.7, and In all the three systems studied, it is obvious that the
36–71. Whereas mAb 36–65 constitutes the germline favorable enthalpy of association for germline antibod-
antibody, mAbs R16.7 and 36–71 represent mutated de- ies is severely curtailed by the accompanying unfavor-
rivatives incorporating five and seven replacement mu- able entropy changes (Figure 5); implying restriction in
tations within the respective IgH variable regions. The conformational freedom upon antigen binding. It is this
sequence of the germline IgH gene, as well as the muta- singular constraint that, eventually, leads to an equilib-
tions within the mAb R16.7 and 36–71 paratopes, have rium condition with DGeq values of decreased negativity
been described earlier (Capra et al., 1982; Wong et al., (Figure 5). As opposed to this, although the enthalpic
1995). It is presumably as a result of at least some of contribution toward antigen-association with mutated
these mutations that mAbs R16.7 and 36–71 possess antibodies ranges from markedly reduced to unfavor-
anti-Ars affinities that, respectively, are 50- (this report) able, this is compensated for by a concomitant reduc-
and 100-fold (Wong et al., 1995) greater than that of the tion in the corresponding entropic penalty (Figure 5).
germline antibody, mAb 36–65. The third set of mAbs The impact that this compensation exercises on the
chosen also represents a known group of antibodies overall binding is readily evident from the fact that, in
directed against the hapten, (4-hydroxy-3-nitrophenyl)- spite of an attenuated to unfavorable enthalpic compo-
acetyl (NP) (Vora et al., 1997). This panel included the nent, it is the favorable TDSeq term that ensures a net
germline antibody mAb BBE6.12H3, and its mutated increased negative value for DGeq (Figure 5) – thereby
derivatives, Bg110–2, Bg359–4, and Bg53–5. These providing for the increased affinity of mutated antibodies
in Table 2.mAbs, their properties, as well as their IgH variable re-
Immunity
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Figure 5. Individual Thermodynamic Parame-
ters Contributing to Equilibrium Antigen Bind-
ing of Both Germline and Mutated Antibodies
Individual DH, TDS, and DG values (6 S.D.)
for association, dissociation, and equilibrium
binding of the three mAb panels in Table 2
were derived as described in the text. In panel
A, the open bar represents mAb 7cM,
whereas the closed bar is for mAb Cys18. In
panel B the open, the stippled, and the closed
bars show data for the anti-Ars mAbs 36-65,
R16.7, and 36-71, respectively. In panel C,
the open bar depicts data for the germline
anti-NP mAb BBE6.12H3, while its mutated
derivatives Bg110-2, Bg359-4, and Bg53-5
are represented as the stippled, closed, and
dotted bars, respectively. All values reported
are for 358C.
Although, at least in principle, an entropic constraint uated for cross-reactivity against two separate cDNA
expression libraries that were derived either from thecould also be accounted for by invoking an induced-fit
transition from one discrete conformation to another, malaria parasite Plasmodium falciparum, or from the
midgut of an insect, Chilo partellus. Interestingly, a highour observation that antigen binding by germline anti-
bodies suffers, in a linear fashion, from thermal mobility degree of cross-reactivity (between 0.5% to 1.0% of
8000 plaques screened) was observed when the bindingwould argue against such a possibility. On the contrary,
these findings support that the free germline paratope was assessed at 378C, but which was abolished (,0.6%)
when measured at a binding temperature of 48C (dataexists in an equilibrium between multiple conformational
states, only a subset of which are capable of binding to not shown). Although these results are preliminary, the
high degree of cross-reactivity of germline antibodies,the antigen in question.
The results in Figure 5, therefore, identify that the as also the temperature-dependency of this phenome-
non, is entirely consistent with expectations from adistinctions between primary and secondary responses
actually represent an outcome of the maturation pro- structurally flexible germline paratope. As anticipated
from the increased rigidity of binding site in mutatedcess. Thus, these collective data reveal that the matura-
tion of an antibody response is largely controlled by antibodies, no cross-reactivity, at either of the two tem-
peratures tested, could be detected against either li-manipulations at the association step of the antigen
binding reaction. Further, these manipulations essen- brary for mAbs Cys18, R16.7 and Bg110–2. Thus, in
addition to modulating antigen affinities, the degree oftially operate at the level of controlling conformational
flexibility of the antigen combining site. While it is this conformational heterogeneity of paratope is also likely
to be implicated in regulating specificity of the antibody.structural heterogeneity of the germline paratope that
accounts for the low binding affinity for antigen, its re-
striction to antigen-compatible conformers provides the
An Overall Perspective on Immune Recognition
basis for increased affinity of secondary responses.
and Response
It is also interesting that while antigen binding to germ-
The function of the adaptive immune system can be
line antibodies is enthalpically-driven, the relative contri-
distinguished into two inter-related activities: recogni-
bution from this parameter ranges from significantly re-
tion and response. Each of these impose their own dis-
duced to even marginally unfavorable for the mutated
tinct and, even, contradictory demands on the lym-
antibodies (Figure 5). While the basis for this is presently
phocyte repertoire within a host. The requirement for
less clear, a possible explanation may be sought in the
efficient surveillance prescribes that the recognition ca-
prior observations that, because of differences in the
pacity be plastic. Indeed this paradox of “infinite ligands
degree of conformational flexibility, the solvation energy
for finite receptors” constitutes one of the intriguing,
for a mutated antibody is significantly higher than that
but unresolved, questions in immunology today. One
of its germline counterpart (Chong et al., 1999). Conse-
explanation offered to rationalize the potency of adap-
quently, any enthalpic gain due to association of antigen
tive immunity, even in the absence of an equitable rela-
with a mutated antibody can be expected to be mini-
tionship between antigen receptors and antigenic deter-
mized by corresponding losses due to disruption of sol-
minants, has been the possibility that a given antigen
vation.
receptor could cross-react with a large number of anti-
gens (Joyce, 1997; Hodgkin, 1998; Mason, 1998). Our
present data provides distinct support for such a possi-Functional Implications of Paratope Flexibility
in Germline Responses bility. Our finding that the paratope of a germline anti-
body is highly flexible was particularly suggestive inWe attempted to experimentally verify the possibility
that the conformational heterogeneity of the germline this regard. The multitude of topological surfaces that
a flexible binding site potentially provides can readilyparatope may also translate into functional versatility,
by conferring upon it the ability to recognize multiple be expected to confer upon a germline antibody the
versatility to bind diverse antigens. Although at an em-antigens. The three germline mAbs in Table 2 were eval-
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pirical level, such a possibility was experimentally sup- site is likely to be advantageous in that it will allow either
of the options to be readily exercised.ported by the observed cross-reactivity, at a physiologi-
cally relevant temperature, of various germline mAbs Our present proposal that germline antibody re-
sponses derive from plastic recognition sites, whereasagainst select cDNA expression libraries.
The structural flexibility of the germline antigen-com- mature responses are more antigen-educated is also
supported by existing data in the literature. This is partic-bining site, on the one hand, could serve a beneficial role
by providing a scope for further amplifying the functional ularly exemplified by the report of Wedemayer et al.
(1997), wherein they compared the binding of eitherrecognition repertoire beyond that prescribed by the
BCR repertoire alone. However, it is this flexibility which germline antibody or its mutated derivative to hapten.
It was observed that the germline antibody did, in fact,also imposes a limit on the maximum affinity that can
be achieved for any given antigen. As we have shown undergo large conformational changes upon binding to
the ligand (Wedemayer et al., 1997). In comparison withhere, this is because antigen binding results in a sub-
stantial decrease in conformational heterogeneity of the this, its mutated derivative 48G7, which has a 30,000-
fold higher affinity, was observed to bind hapten by aantibody binding site. This reduction, which is enforced
during the association step, detracts from the enthalpic lock-and-key mechanism. This was facilitated by signifi-
cant changes in the configuration of the combining site,gain that ensues, and, consequently, minimizes the
overall release in Gibbs free energy of binding. Having and was accomplished by somatic mutations that oc-
curred up to 15 A from bound hapten (Wedemayer etsaid this, we note, however, that there are instances in
the literature where germline responses have shown al., 1997). Based on these results, it was suggested that
while germline antibodies can adopt multiple combininghigh affinity for antigen with no subsequent improve-
ments in the later stages (Newman et al., 1992; Roost site conformations, the cumulative processes of antigen
binding and somatic mutation stabilizes the conforma-et al., 1995). It has been argued that such examples
represent rare instances in which germline sequences tion with optimal hapten complementarity (Wedemayer
et al., 1997). Thus, at least in the case of the 48G7generate an antibody that is already optimized for anti-
gen binding complementarity (Foote and Eisen, 1995). antibody, affinity maturation appears to play a confor-
mational role either in reorganizing the active site geom-In such cases, it is suggested that somatic mutations
occurring subsequently would either be neutral or dele- etry, or limiting side chain and backbone flexibility of
the germline antibody (Wedemayer et al., 1997; Yangterious, causing the resulting clones to be deleted, or
at least not to be selectively stimulated (Foote and Eisen, and Schultz, 1999).
The role of antibody maturation processes in maximiz-1995).
In contrast to germline responses, antigen binding in ing shape complementarity for antigen is also elegantly
highlighted by the crystal structure of 1E9, an antibodythe secondary responses studied was found not to be
limited by any entropic constraint. Rather, the absence raised against an analog of the transition state in Diels-
Alder cycloadditions (Xu et al., 1999). The 1E9 structureof any restrictive effect of paratope structure revealed
that the antibodies in this stage of the response were revealed a binding pocket preorganized to maximize
shape complementarity with hapten through a combina-well adapted to accommodate antigen, without the need
for any significant conformational readjustment. Such tion of van der Waals, P-stacking, and electrostatic con-
tacts. It was proposed that the close fit between haptenoptimization could be ascribed to result from somatic
mutation, followed by antigen-driven selection, in GCs and the binding site permits enthalpic stabilization of
the actual transition state, thereby accounting for the(Kelsoe, 1995; Liu and Arpin, 1997) wherein the flexibility
of paratope is seemingly restricted in favor of the anti- high catalytic efficiency of the 1E9 antibody (Xu et al.,
1999).gen-compatible conformer(s). The resultant structural
confinement, as our data suggests, likely achieves a Although our present data, and the earlier reports
discussed above, support that affinity matured antibod-2-fold purpose. First, it leads to the improved affinity
of antibody for specific antigen binding. This primarily ies possess increased complementarity for antigen it
must, however, be pointed out that significant induced-derives from the fact that there is no entropic penalty
accompanying the antigen-antibody association step. fit changes upon ligand binding have been reported for
several antibodies derived from the mature stages of aSecond, the increased binding site complementarity for
inducing antigen also constitutes the basis for the in- response (Rini et al., 1992; Foote and Milstein, 1994;
Wilson and Stanfield, 1994; Braden et al., 1996; Furu-creased fidelity of secondary responses.
Although somatic mutations have been shown to con- kawa et al. 1999). In the absence of comparative infor-
mation on the corresponding germline analogs, any de-tribute toward increasing paratope rigidity, a unitary
mechanism does not appear to be involved. Rather, finitive rationalization of this apparent discrepancy is
clearly difficult. Nonetheless, it is possible that thesedepending upon the system examined, this is seen to
be achieved by modulating complementarity either indi- latter instances represent cases where complementarity
for epitope, although improved by somatic mutations,vidually through van der Waals, electrostatic, and hy-
drophobic interactions, or by cooperative combinations falls short of the ideal. Indeed variabilities in the degree
of optimization, at least as evidenced by TDS values,of these three parameters (Strong et al., 1991; Chothia
et al., 1992; Braden et al., 1996; Tomlinson et al., 1996; between individual mutated antibodies is also evident
in the data presented here. Thus while the end-goal ofTsumoto et al., 1996; Wedemayer et al., 1997; Chong et
al., 1999; Xu et al., 1999; Yang and Schultz, 1999; Brown an affinity maturation process would be to maximize
for complementarity between epitope and paratope, theet al., 2000). In such a situation where versatility in opti-
mization pathways, presumably dictated by the nature degree of success eventually achieved may vary and,
perhaps, depend upon the nature of antigen and anti-of bound antigen, is required, an initially plastic binding
Immunity
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body involved. It must also be pointed out that affinity humoral response as a process wherein clonal selection
is followed by the act of “clonal education.”maturation within GCs represents a “clone autonomous”
process in which the maturation pathway followed by
Experimental Proceduresany given clone is independent of that adopted by its
cohorts (Maizels, 1995; Vora and Manser, 1995). Further,
Peptide Synthesis
positive selection is likely to be dominated by considera- The synthesis and purification of peptide PS1CT3 and its cyclic
tions of bio-efficacy, with the premium on ensuring analog, CysCT3, has been described earlier (Nayak et al., 1998).
achievement of optimal rather than maximal affinities. The correct identity of both peptides was ascertained by mass spec-
trometry.Thus, the possibility that secondary responses also in-
clude antibodies which are only partially optimized for
Monoclonal Antibodiesepitope complementarity but, nonetheless, possess an-
All anti-PS1CT3 mAbs, as well as mAbs 7cM and Cys18 have beentigen-affinities that are functionally relevant cannot be
generated and described earlier (Agarwal et al., 1996; Nayak et al.,
ruled out. 1998; Nakra et al., 2000). For the present studies, the mAbs were
The utilization of a flexible binding site appears to be obtained as ascites from which they were purified by affinity chroma-
tography over an Affi-Gel 10 Gel (Biorad, Hercules, CA) columncentral to the theme of immune-recognition. In addition
coupled to peptide PS1CT3 at 10 mg/ml of gel as described earlierto observations with antibodies, it has been demon-
(Nakra et al., 2000).strated that the ligand binding site of the TCR is also
The anti-NP and anti-Ars hybridomas (except R16.7) were a kindplastic and requires an induced fit for binding to its
gift from Dr. Tim Manser (Kimmel Cancer Institute, Philadelphia, PA).
cognate peptide-MHC complex (Garcia et al., 1998; Bon- The hybridoma R16.7 was a gift from Dr. Satyajit Rath (National
iface et al., 1999; Willcox et al., 1999). Indeed the binding Institute of Immunology, New Delhi, India). For our studies these
mAbs were generated as ascites produced in irradiated BALB/centropies (TDSeq) for at least some of such interactions
mice. The antibodies were then purified by affinity chromatographycompare well with values observed here for germline
over an Affi-Gel 10 Gel coupled to either NP23-BSA, or Ars-BSA.antibody binding (about –60 kJM-1, Willcox et al., 1999).
After purification, except for the IgM mAbs, all other antibodies wereThe obvious benefits of a pliable binding site in terms
dialyzed against PBS and concentrated to between 10 to 50 mg/ml
of conferring increased cross-reactivity to the TCR and, in PBS containing 0.05% Tween-20. Purity was ascertained by gel
thereby, enhancing its recognition repertoire has been electrophoresis, and antibody concentration determined spectro-
photometrically by measuring absorbance at 280 nm. An averagenoted and discussed at length (Garcia et al., 1998; Ysern
MW of 150 kDa was assumed for the IgG mAbs.et al., 1998; Boniface et al., 1999; Willcox et al., 1999).
In addition, however, Boniface et al. (1999) suggested
Preparation of Monomeric IgMsthe intriguing possibility that binding site flexibility also
This was achieved by reductive-alkylation of affinity-purified IgM
facilitates discriminatory scanning through the milieu mAbs, followed by resolution over a Sephadex G-200 (fine) column
of peptide-MHC complexes. The relatively disordered essentially as described earlier (Nakra et al., 2000). Fractions con-
structure of the CDRs has been proposed to facilitate taining monomeric IgM, which elutes immediately following the void
volume, were pooled and concentrated to between 10 to 50 mg/mlweak interactions with MHC molecules. The resulting
in PBS containing 0.05% Tween-20. Antibody concentrations werefree energy of binding, upon identification of a cognate
determined by measuring absorbance at 280 nm, and an averagecomplex, is then thought to drive local rearrangements
MW of 200 kDa was taken for monomeric IgM. Individual antibodies
in the CDRs to maximize surface complementarity and, were stored frozen in single-thaw aliquots, and used within two to
consequently, enhance complex stability (Boniface et three days of preparation.
al., 1999). It remains to be seen whether a similar mecha-
nism also operates during antigen scanning by the BCR Antibody Binding Analyses
Antibody-antigen binding interactions were monitored by the tech-on pre-immune B cells.
nique of surface plasmon resonance on an Iasys Auto1 instrumentIn summary, results presented here extend our insight
(Affinity Sensors, Cambridge, UK). For anti-PS1CT3 responses andinto processes that underlie maturation of T-dependent
mAbs 7cM and Cys18, the appropriate peptide (i.e., either PS1CT3
humoral responses. They unveil the existence of an ele- or CysCT3) was immobilized onto Carboxymethyldextran cuvettes
gant and novel mechanism wherein the dual purposes using the protocol recommended by the manufacturer. For measure-
ment of anti-Ars binding, Ars-BSA immobilized Carboxymethyldex-of high affinity and specificity are simultaneously
tran cuvettes were used, whereas NP23-BSA was immobilized forachieved by the simple device of regulating paratope
measurement of anti-NP mAb binding properties.flexibility. Whether this constitutes an all-encompassing
For determination of Kd values, binding was generally examinedprinciple, or, simply represents one of many mecha-
at multiple antibody concentrations ranging from 5-fold below to
nisms employed during maturation of humoral re- about 5-fold above preliminary estimates for each mAb. Further,
sponses, however, needs to be ascertained. Nonethe- binding was measured at multiple temperatures of 208C, 258C, 308C,
and 358C. Associations were monitored over a period of 10 to 15less, it is remarkable how the antipodal demands of
min, whereas dissociation was measured over a 5 min period. Kineticplasticity in recognition, and fidelity during response,
analysis was performed using the FASTfit software provided byare so readily met in humoral immunity. Our findings
the manufacturer, which yielded the values for kon and kdiss at eachthat this transition is governed at a single step (antigen- antibody concentration and temperature. Second order rate con-
antibody association) and by a single parameter (confor- stants (kass) at each temperature was then determined from a linear
mational flexibility) may also explain, at least in some regression plot of kon, at that temperature, versus antibody concen-
tration again using the FASTfit software. Equilibrium dissociationinstances, how this is so readily achieved by a handful
constants (Kd) at both 258C and 358C was calculated for each mAbof somatic mutations. A final point relates to the infer-
from the equation; Kd 5 kdiss/kass; where the appropriate values ob-ence that antigen induces a compatible conformation
tained at these two temperatures were used. Problems were faced
within the paratope of germline antibody, which is then with some primary mAbs at higher temperatures where the affinity
stabilized by somatic mutations. Based on this, one dropped to very low values (Kd . 100 mM). In such cases, it was
not possible to study binding from starting concentrations of 5-foldcould possibly define the maturation of a T-dependent
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above Kd value. Consequently a maximal concentration of 400 mM cell receptor recognition of a self peptide-MHC antigen. Science
279, 1166–1172.was taken in these instances. Where the affinities were even below
this (e.g., mAbs 609 and BBE6.12H3 at 378C), association and disso- Hodgkin, P.D. (1998). The role of cross-reactivity in the development
ciation rates measured at the maximal concentration were used to of antibody responses. Immunologist 6, 223–226.
determine the approximate Kd value. Janin, J. (1996). Principles of protein-protein recognition from struc-
We also ensured that the lower affinities observed at higher tem-
ture to thermodynamics. Biochimie. 77, 497–514.
peratures for primary mAbs was not due either to aggregation, or
Joyce, G.F. (1997). Evolutionary chemistry: getting there from here.some other form of denaturation. For this aliquots of primary mAbs
Science 276, 1658–1659.were first warmed to 358C for 60 min, and then allowed to cool to
room temperature. Following this, binding of this preparation to the Kelsoe, G. (1995). In situ studies of the germinal center reaction.
homologous antigen was compared, at 258C, with that of a parallel Adv. Immunol. 60, 267–288.
aliquot that had been maintained at 48C. Lee, C. (1992). Calculating binding energies. Curr. Biol. 2, 217–222.
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